Comparison of donor-acceptor electronic couplings calculated within two-state and three-state models suggests that the two-state treatment can provide unreliable estimates of V da because of neglecting the multistate effects. We show that in most cases accurate values of the electronic coupling in a stack, where donor and acceptor are separated by a bridging unit, can be obtained
INTRODUCTION
Bridge-mediated electron transfer ͑ET͒ in stacks has recently attracted much attention because of its importance in several physical and biological processes. For instance, organic solar cells which are fabricated by sandwiching an organic layer between two electrodes are the subject of intensive experimental and theoretical investigations. 1 Another example is a long-range charge migration in DNA. 2 The efficiency of ET between donor and acceptor sites ͑or electrodes͒ can be essentially regulated by variation of the molecular structure of the bridge. Theoretical and computational studies provide very useful results which allow one to elucidate the role of electronic, structural, and dynamic factors in ET through stacks. 3, 4 The effective coupling of donor and acceptor V da is a key parameter which determines the efficiency of the ET reactions, and therefore quantummechanical calculations of this parameter is of wide interest. 5, 6 The application of different computational schemes to estimate V da in DNA stacks has been discussed recently. 7 Several years ago, Cave and Newton introduced the generalized Mulliken-Hush ͑GMH͒ method. 8, 9 This scheme employs a transformation of adiabatic states to diabatic states that diagonalizes the dipole moment matrix. The GMH method has been employed for estimating electronic couplings in various systems. In most studies, a two-state approach was used. Within this model, the electronic coupling can be expressed via the vertical excitation energy E 2 − E 1 , the transition dipole moment 12 , and the difference of diabatic dipole moments of donor and acceptor a − d ,
2 .
͑1͒
In turn, the difference a − d can be estimated by using only adiabatic dipole moment matrix elements, a − d = ͱ ͑ 1 − 2 ͒ 2 +4 12 2 . The two-state GMH method allows calculation of electronic couplings in various systems, independent of symmetry and geometrical constraints. 8, 9 This approach has been successfully applied to biologically relevant stacks. Beljonne et al. employed the scheme to study photoinduced hole transfer in DNA hairpins. 10 Zheng et al. calculated electronic couplings in -stacked porphyrinbridge-quinone systems. 11 Very recently, the GMH scheme has been applied to derive electronic couplings for excess electron transfer in DNA. 12 An important advantage of the GMH method is that it is able to deal with systems where more than two adiabatic states enter into the description of relevant diabatic states. 8, 9 When the diabatic states of interest are represented by a combination of more than two adiabatic states, a multistate model should be employed. So far, only several papers which deal with the multistate GMH approach have been published. Rust et al. considered where two diabatic states ͑the ground state and a locally excited state͒ are localized on the donor and a single-electron transfer state is localized on the acceptor. 13 They developed a diagnostic for determining when a third state has to be considered within GMH calculations. Recently, a multistate GMH approach has been employed for calculating electronic couplings for charge transfer in DNA stacks consisting of three, four, and five base pairs.
14 It was found that although for some systems the two-state scheme provides reasonable estimates, in general, this model fails to reproduce the electronic couplings calculated with the multistate approach.
14 Using a three-state GMH scheme, Lambert et al. derived electronic couplings from spectroscopic data and semiempirical calculations for some organic radical cations. 15 They analyzed the dependence of V da on adiabatic parameters and suggested that the two-state model is a good approximation only if the difference of dipole moments of donor and acceptor is large compared to transition moments associated with a bridge state. However, we will see that a diagnostic based only on comparison of adiabatic dipole moments can be misleading.
In this paper, we suggest a simple formula which takes into account the effects of the bridge state, develop a diagnostic to determine when a multistate treatment must be employed, and compare donor-acceptor electronic couplings calculated using the introduced formula with the corresponding values derived from the two-and multistate GMH models.
RESULTS AND DISCUSSION
Relationship between electronic couplings derived within the two-and three-state frameworks Let us consider a donor-bridge-acceptor system, where two adiabatic states of the lowest energy, 1 and 2 correspond to donor and acceptor and an adiabatic state 3 is essentially localized on the bridge; E 1 , E 2 , and E 3 are energies of these states. In the adiabatic representation, the Hamiltonian matrix is diagonal,
Within the three-state model, the adiabatic states 1 
where ⌬ db and ⌬ ab are donor-bridge and acceptor-bridge energy gaps. The electronic coupling Ṽ da between the nonorthogonal states d and a is given by
Substituting Eq. ͑2͒ for d and a in Eq. ͑3͒ and keeping only terms of first and second order, we obtain
Then, combining Eqs. ͑4͒ and ͑5͒,
, E 3 = b , and E 1 + E 2 = d + a ͑the trace of a matrix is invariant under a unitary transformation͒, we obtain
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Thus, the effect of a third state on the donor-acceptor coupling can be approximately described by a superexchange correction. It should be noted that both three-and two-state models treat the same adiabatic states 1 , 2 , and 3 of the whole d-b-a system, where all interactions between donor, bridge, and acceptor subunits are accounted for. If the "direct" coupling of donor and acceptor V da dominate the superexchange term, the two-state model will provide reliable results. However, when the two contributions in Ṽ da are of the same magnitude, their interference can considerably affect the coupling. Especially strong effects are expected when the terms interfere destructively. In this case Ṽ da will be much smaller than the two-state coupling V da . Thus, admixture of a bridge state to adiabatic states 1 and 2 can considerably restrict the application of the two-state approach. Numerical results presented in a subsequent section show that in most cases when the two-state approach fails to provide reasonable estimates, the superexchange correction of the two-state scheme ͓Eq. ͑7͔͒ allows one to obtain accurate values of the donor-acceptor coupling.
A detailed formulation of effective two-state models based on perturbation theory was presented by Newton.
5 Alternative routes which result to a similar expression for the superexchange term were considered. General expressions for electronic coupling in donor-bridge-acceptor systems were derived using different techniques. 5, [16] [17] [18] There is a remarkable difference between the current analysis and the previous results. Usually considering superexchange interaction one operates with the diabatic state of isolated subunits. In such cases a tight-binding approximation is used. In particular, the direct coupling of donor and acceptor is neglected because bridge-mediated superexchange coupling clearly dominates this term. On the contrary, a two-state model, which is based on adiabatic states of donor and acceptor, implies that all bridge effects are implicitly included. However, as noted by Cave and Newton, 9 multistate effects may essentially influence two-state results. Recently, the systematic study of DNA stacks 14 has demonstrated that in many cases the two-state model fails to provide accurate estimates of electronic couplings and a multistate approach must be employed for an explicit treatment of bridge states. As we discussed above, the bridge effects may be accounted for in terms of the superexchange model ͓see Eq. ͑7͔͒.
Formula for the donor-acceptor coupling
So far, we did not specify how to determine the matrix elements V db Ј and V ab Ј . The GMH method offers a convenient way to estimate these quantities. Because for ground-state thermal processes the diabatic and adiabatic states essentially coincide at equilibrium configurations, 5 applying the twostate GMH model ͓Eq. ͑1͔͒ to pairs of states ͑ 1 , 2 ͒, ͑ 1 , 3 ͒ and ͑ 2 , 3 ͒ may express the matrix elements V da , V db Ј , and V ab Ј involved in Eq. ͑7͒. Then
Taking into account that
we obtain
. ͑9͒
The differences of diabatic dipole moments can be expressed via adiabatic matrix elements ͓see Eq. ͑1͔͒ or estimated using geometric parameters of the system. While in some cases the adiabatic dipole moment difference can be determined by the Stark spectroscopy, usually these experimental data are not available and estimates based on structural parameters are employed. The diabatic dipole moment difference is set to eR da , where R da is the distance between donor and acceptor. In general, R da is not well defined, and therefore the value of ͑ a − d ͒ is rather inaccurate. However, in stacks, the situation is more favorable. One may employ the projections of adiabatic dipole and transition moments onto an axis perpendicular to the planes of donor and acceptor.
and finally, we have
.
͑10͒
In this equation, the transition dipole moments and R da are in atomic units. If the transition moments are in debye and the distance is in angstrom, R da in Eq. ͑10͒ must be replaced by ͑fR da ͒ with f = 4.803 24. Because the distance between the planes of donor and acceptor in stacks is usually well known, expression ͑10͒ may be used for estimating couplings on the basis of spectroscopic data. Expression ͑9͒ can be extended to systems containing several bridge units:
where the energy E j corresponds to adiabatic state j localized on the bridge. The differences j − d and a − j can be expressed in terms of adiabatic dipole and transition moments ͓see Eq. ͑1͔͒.
Diagnostic to determine whether a two-state model is applicable
As seen from Eq. ͑9͒, a two-state model may be applied if the superexchange term is relatively small, i.e.,
͑13͒
Introducing a parameter ␥
͑14͒
condition ͑11͒ can be rewritten as ͉␥͉ ӷ 0. When both terms in Eq. ͑9͒ are of the same sign, i.e., they interfere constructively, the two-state model will underestimate the donor-acceptor coupling. When ␥ = 1, the twostate term is zero and the donor-acceptor coupling is controlled by the superexchange term; ␥ Ͻ 1 indicates that the direct and superexchange terms interfere destructively ͑they are of opposite signs͒ and the two-state approach will overestimate the coupling. The two-state model becomes completely unreliable when the terms are similar in magnitude but opposite in sign, ␥ Ϸ 0. In this case, the multistate GMH scheme must be employed.
Effects of external parameters on adiabatic and diabatic properties
In this section we show that small fluctuations of external parameters may cause very big changes in adiabatic dipole matrix. Let us consider the effect of the external field on the adiabatic and diabatic quantities of a stack consisting of three nucleobase pairs. Two guanine-cytosine ͑GC͒ pairs are the donor and acceptor sites separated by a thymine-adenine ͑TA͒ bridge. The structure of the stack is shown in Fig. 1 . The distance between base pairs in the stack is set to 3.38 Å. To this end we carried out quantum-chemical calculations using the Hartree-Fock method with the standard 6-31G * basis set as described in previous papers. 14, 19 A weak electric field along the stack axis will be used as the external parameter. The three-state GMH method was employed to estimate the coupling matrix elements. The results of calculations are given in Table I . As can be seen, the electric field considerably affects the charge distribution between donor and acceptor and adiabatic dipole matrix elements.
When the electric field is zero, F = 0, donor and acceptor are off resonance; the energy mismatch a − d is 20.4 meV. In the ground state, the excess charge is almost completely localized on the donor. The charges on the acceptor and bridge sites are found to be 0.007 and 0.010, respectively. Electron transition 1 → 2 results in a considerable change of the adiabatic dipole moment 2 − 1 Ϸ 31.8 D. Because the state 3 is mainly localized on the bridge, 3 − 1 = 2 − 3 =1/2͑ 2 − 1 ͒. The transition moment 12 of ϳ2.7 D is essentially larger than 13 and 23 . The d-a electronic coupling V da is by order of magnitude smaller than the matrix elements V db and V ab associated with the bridge state.
By applying an electric field of 6.1ϫ 10 −5 a.u. the energy mismatch between d and a levels essentially decreases, a − d = 2 meV. As can be seen from Table I , the adiabatic dipole and transition moments are very responsive to the external perturbation. However, the electronic couplings in the system retain their values. When the electric field is 6.725 ϫ 10 −5 a.u., the donor and acceptor states are almost in reso- + -b-a and corresponds now to the ground state. The difference of adiabatic dipole moment changes its sign. The properties calculated at F = 13.450 ϫ 10 −5 a.u. are similar to those obtained at F = 0, provided that the donor and acceptor states are exchanged.
As seen from Table I , the properties of the diabatic states remain almost unchanged despite the fact that adiabatic dipole matrix elements are very sensitive to the external perturbation. The calculated differences of diabatic dipole mo- Although V da is found to be more sensitive than V db and V ab , its variation is rather insignificant.
Overall, the results demonstrate that small fluctuations of donor and acceptor energy mismatch due to external perturbations may cause considerable changes in the adiabatic dipole and transition moments, while electronic couplings remain almost unchanged. Therefore, varying an external parameter ͑electric field, geometry of donor or acceptor, and position of solvent molecules͒, one can essentially change adiabatic dipole and transition moments. Because of that, a ratio of these quantities cannot be used, in general, to predict the role of the bridge effects. Lambert et al. concluded that the two-state model is a good approximation only when the difference of dipole moments of donor and acceptor is large compared to transition moments associated with a bridge state. 15 This is the case when F =0 ͑Table I͒. The donoracceptor couplings calculated using the two-and three-state schemes are 1.72 and 2.46 meV, respectively. If donor and acceptor are almost in resonance ͑F = 6.725ϫ 10 −5 a.u.͒, the difference 2 − 1 = 0.29 D is remarkably smaller than 13 = 0.71 D. However, the two-and three-state couplings are similar ͑1.63 and 2.37 meV͒ to the estimates found at F =0. Furthermore, according to our experience, in nonsymmetric systems the difference 2 − 1 is often essentially larger than transition moments; however, the performance of the twostate model strongly depends on the system being considered.
Numerical estimation
As shown above, adiabatic dipole matrix elements in a d-b-a system can vary in a wide range depending on external parameters, while electronic couplings essentially retain their magnitude. Moreover, structural fluctuations in stacks are found to cause considerable changes in the electronic coupling. 20, 21 Thus, adiabatic transition dipole moments appear to be very sensitive to structural features of stacks. Now we compare electronic couplings Ṽ da , V da Ј , and V da estimated by using Eq. ͑8͒ and the two-and three-state GMH schemes, respectively. Table II provides numerical results for the couplings calculated for several sets of adiabatic parameters. In the calculations, the difference of diabatic dipole moments a − d was assumed to be 32.66 D. In line with calculation results ͑Table I͒ we assumed that 3 − 1 = 2 − 3 =1/2͑ 2 − 1 ͒. In turn, ͑ 2 − 1 ͒ can be estimated as 12 2 . These physically reasonable constraints allow us to decrease a number of variable parameters of the model. For all systems we assumed that E 2 − E 1 and E gap are 0.1 and 1.0 eV, respectively. Since electronic coupling depends on the product ͑E j − E i ͒ ij , similar values of the coupling can be found in systems with quite different adiabatic properties when the corresponding products are close to each other.
In system 1, all transition dipole moments are positive, and consequently, both terms in Eq. ͑9͒ interfere constructively. The electronic coupling V da calculated with the three- state approach is 18 meV. As can be seen from 12 and 23 . Because the parameter ␥ in these cases is relatively large, ͉␥͉ Ͼ 7, the superexchange term in Eq. ͑9͒ is essentially smaller than the direct coupling, and the two-state model gives good estimates.
Finally, we consider three special cases. In system 13 with 12 = 0, the parameter ␥ is zero. It means that the d-a coupling is exclusively defined by superexchange correction. Obviously, the two-state scheme cannot be applied in this case. By contrast, in system 14, the superexchange term in Eq. ͑9͒ is zero since 13 = 0, the parameter ␥ is infinitely large, and the two-state model provides a good estimate for the coupling, V da Ϸ V da . While 13 = 0, the donor-acceptor coupling V da calculated within the three-state approach depends on 23 . However, this effect will not be reproduced by formula ͑9͒. System 15 with 13 = 23 = 0 represents a rather unlikely situation. In terms of the GMH scheme, the bridge state is completely uncoupled and the three-state model reduces to a two-state model. It is apparent that in this case the two-state approach provides accurate values of the donoracceptor coupling V da = V da .
Overall, based on the numerical results presented in Table II , we conclude that estimation of the donor-acceptor coupling can be considerably improved by employing Eq. ͑9͒ instead of the two-state model. However, when ␥ Ϸ 0, the formula may provide values which are not very accurate, and therefore the three-state GMH treatment has to be applied in such cases.
CONCLUSIONS
We analyzed the difference in donor and acceptor electronic couplings calculated within two-and three-state schemes based on the generalized Mulliken-Hush approach. It has been shown that admixture of a bridge state to adiabatic states of donor and acceptor considerably affects the coupling matrix element derived within the two-state model, and thus the two-state treatment is limited in use. Using perturbation theory, we found that the effects of the bridge states can be described in terms of superexchange interaction ͓Eq. ͑9͔͒. Based on numerical results we showed that the superexchange correction considerably improves estimates of the donor-acceptor coupling derived within a two-state approach. In most cases where the two-state scheme fails, Eq. ͑9͒ gives reliable values which are in good agreement ͑within 5%͒ with the results of the three-state GMH model.
In -stacked d-b-a systems, an excess charge migrates along the axis perpendicular to the planes of donor and acceptor. In this special case, the difference of diabatic dipole moments is well defined by the spacing between the planes, and therefore Eq. ͑12͒ may be employed.
We demonstrated that small variations of an external parameter, which affects the splitting of donor and acceptor levels, may considerably change charge distribution and adiabatic dipole matrix elements, while electronic couplings remain almost unchanged. Because of that, the question whether a two-state GMH model is applicable cannot be answered when only adiabatic dipole and transition moments are compared. A diagnostic, where the parameter ␥ is defined by Eq. ͑14͒, has been proposed to determine whether the two-state model is a good approximation. It is suggested that the two-state treatment provides reliable results when ͉␥͉ Ͼ 5; however, it becomes rather unusable if ͉␥͉ Ͻ 2.
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